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Abstract 

The  present  work  is  aimed  at  understanding  the 
micromechanisms  of  dynamic  crack  growth  at 
room  temperature  ant!  a  low  temperature 
(-  100  °C)  in  an  AISI  4340  steel  studied  by  Ravi- 
chandrem  and  Clifton.  l\n  this  purpose,  a  fracto- 
graphic  and  metallographic  examination  of  the 
specimens  used  by  Ravichundran  and  Clifton  was 
carried  out.  Results  showed  that  the  steel  contained 
an  appreciable  amount  of  upper  Imitate  ( about 
13" „).  The  study  suggests  that  dynamic  crack 
propagation  in  the  4340  steel  occurs  in  two  stages, 
i.e.  nucleation  of  microcracks  in  the  upper  bainite 
followed  by  propagation  of  these  microcracks  into 
the  surrounding  martensite.  At  low  temperatures, 
failure  of  the  martensite  occurs  by  cleavage 
whereas,  at  room  temperature,  it  occurs  by  shear 
localization,  leading  to  microvoid  growth  and 
coalescence.  At  both  temperatures,  bainitic  micro¬ 
cracks  serve  as  failure  initiation  sites  and  reduce 
the  dynamic  fracture  toughness  of  the  steel.  . 

1.  Background 

Recently.  Ravichundran  and  Clifton  1 1 )  have 
developed  a  new  plate  impact  experiment  for 
studying  fracture  under  very  high  loading  rates. 
The  experiment  consists  of  impacting  a  pre¬ 
cracked  disc-shaped  specimen  by  a  thin  flyer 
plate  i Fig.  I'.  On  impact,  a  compressive  pulse- 
travels  through  the  specimen  and  reflects  from 
the  rear  surface  as  a  step  tensile  pulse  which  loads 
the  crack  and  causes  it  to  advance  over  a  distance- 
determined  by  the  amplitude  and  duration  of  the 
tensile  pulse.  Initiation  of  the  crack  advance 
occurs  within  a  few  hundred  nanoseconds  of  the 
arrival  of  the  tensile  pulse  at  the  crack  front.  As  a 
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result,  the  loading  rates  achieved  in  this  technique 
are  of  the  order  of  10'  MPa  m1  -  s  '—approxi¬ 
mately  two  orders  of  magnitude  higher  than  those 
obtained  in  other  techniques.  The  plate  impact 
method  thus  makes  it  possible  to  study  the  frac¬ 
ture  resistance  of  mateiials  under  conditions  of 
extremely  rapid  loading. 

By  using  the  plate  impact  technique.  Ravi- 
chandran  and  Clifton  1 1 1  studied  dynamic  crack 
propagation  in  a  hardened  AISI  4340  VAR  steel 
at  -  100  and  -80°C  low  temperature  experi¬ 
ments!  and  at  room  temperature.  From  experi¬ 
mentally  measured  distances  of  crack  advance, 
they  calculated  the  critical  value  Ku  of  the  stress 
intensity  factor  by  using  known  elastodynamic 
solutions  to  the  crack  propagation  problem.  They 
computed  a  Kk  value  of  32  MPa  m1  :  for  the  low 
temperature  experiments  and  62MPami:  for 
the  room  temperature  experiments.  After  preli¬ 
minary  fractographic  examination,  they  con- 
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eluded  that  dynamic  fracture  in  the  4340  steel 
studied  occurs  at  low  temperatures  predomi¬ 
nantly  by  cleavage,  whereas  at  room  temperature 
it  occurs  in  a  ductile  manner  characterized  by 
void  grow  th  and  coalescence. 

The  present  work  was  undertaken  to  gain  an 
improved  understanding  of  the  micromechanisms 
of  crack  grow  th  and  the  role  played  by  the  micro¬ 
structure  in  dynamic  fracture  at  the  very  high 
loading  rates  attained  in  the  plate  impact  experi¬ 
ments.  For  this  purpose,  the  4340  steel  specimens 
used  by  Ravichandran  and  C  lifton  in  their  plate 
impact  experiments  were  studied  in  greater  detail. 
In  particular,  crack  tip-microstructure  inter¬ 
actions  were  studied  by  examining  the  fracture 
surfaces  and  the  crack  profiles  by  scanning 
electron  microscopy  Specimens  impacted  at  both 
low  and  room  temperatures  were  studied  in  this 
manner. 

A  large  number  of  studies  have  focused  on  the 
fracture  mechanisms  in  4340  steels  under  quasi¬ 
static  loading.  Various  aspects  of  the  failure 
characteristics  of  these  steels,  such  as  the  effect  of 
microstructure,  austenitizing  temperature,  test 
temperature  and  processing  history  on  the 
mechanical  properties  including  fracture  tough¬ 
ness.  tensile  strength,  ductility  and  C  harpy  impact 
energy,  are  well  documented.  These  studies  have 
been  summarized  in  the  recent  works  of  Lee  cl  til. 

;  2  J  and  Tomita  [3|.  On  the  contrary,  studies 
related  to  crack  growth  mechanisms  in  4340 
steels  under  dynamic  loading  are  limited  in 
number.  Chi  ci  til.  |4|  have  measured  the  quasi- 
static  and  dy  namic  fracture  toughness  of  a  4340 
steel  and  have  conducted  a  fractographic  and 
metallographic  study  of  their  specimens.  Their 
work  is  discussed  litter  in  the  present  paper. 

The  experimental  procedure  used  by  Ravi¬ 
chandran  and  Clifton  is  summarized  below.  The 
composition  of  the  4340  steel  is  given  in  Table  1 . 
The  fatigue  specimen  ibig.  2ia"  was  machined 
from  an  ingot  bar,  62.3  mm  in  diameter,  obtained 
in  the  as-rolled  condition.  The  specimen  was  aus¬ 
tenitized  at  X70°C  for  2  h.  quenched  in  agitated 
oil  and  subsequently  tempered  at  100  °C  for  2  h. 
It  was  found  that,  owing  to  the  relatively  large  size 


of  the  fatigue  specimen,  the  steel  had  not  fully 
hardened  throughout  the  cross-section.  Rockwell 
C  hardness  measurements  indicated  that  the 
hardness  varied  front  32  HRC  at  the  center  to  37 
HRC’  at  the  circumference  of  the  specimen. 

The  heat-treated  fatigue  specimen  was  sub¬ 
jected  to  cy  clic  bending  in  a  four-point  bend  con¬ 
figuration  (Fig.  2<  b  '.  After  obtaining  the  required 
amount  of  fatigue  crack  growth  half-way  across 
the  diameter  i.  the  fatigue  specimen  was  unloaded. 
The  plate  impact  specimen  shown  in  Fig.  Fa  was 
then  machined  from  the  fatigue  specimen  and 
used  for  a  dy  namic  crack  growth  study.  Following 
the  plate  impact  experiment,  selected  specimens 
were  'opened'  by  wedge  loading  in  liquid 
nitrogen.  These  specimens  were  used  for  fracture 
surface  examination. 

2.  Experimental  procedure 

In  the  present  work,  samples  for  microstruc- 
tural  examinations  were  sectioned  from  various 


(b) 


l  ie.  2.  Schematic  diagram*.  <•!  a  the  lattguc  specimen  and 
I’  the  fatigue  loading  configuration. 


l  ABI.f  I  C  hemical  composition  of  4340  VAR  steel  (Republic  Steel:  heat  3841687)  » 
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locations  along  the  radius  of  the  plate  impact 
specimen.  These  samples  were  polished  metallo- 
graphically.  etched  to  reveal  the  prior  austenite 
grain  boundaries  and  examined  in  an  optical  mi¬ 
croscope.  The  etchant  used  for  this  purpose  was  a 
saturated  aqueous  solution  of  picric  acid  with  a 
small  addition  of  sodium  tridecyl  benzene  sulfate 
which  acts  as  a  wetting  agent.  The  samples  were 
then  repolished  and  etched  to  reveal  the  presence 
of  bainite.  The  etchant  was  a  solution  of  1  g  of 
sodium  bisulfate  and  4  g  of  picric  acid  in  100  ml 
of  water  and  1 00  ml  of  ethyl  alcohol. 

Selected  (unopened)  plate  impact  specimens 
were  sectioned  to  obtain  samples  containing  mid¬ 
thickness  profiles  of  dynamically  grown  cracks. 
The  sectioned  samples  were  ground,  polished 
and  examined  in  an  AMR-1000A  scanning 
electron  microscope  in  the  following  manner. 

•,a)  In  order  to  study  the  relation  between  the 
fracture  path  and  the  prior  austenite  grain  bound¬ 
aries.  crack  profiles  were  studied  in  two  stages. 
Initially  the  crack  profiles  were  photographed  in 
an  unetched  condition.  The  samples  were  then 
etched  to  reveal  the  prior  austenite  grain  bound¬ 
aries  and  re-examined.  By  this  two-stage  proce¬ 
dure.  it  was  possible  to  distinguish  clearly 
between  crack-like  features  and  grain  boundaries. 

b>  To  study  the  relation  between  the  crack 
path  and  the  microstructural  constituents,  the 
samples  were  repolished  and  etched  to  reveal 
bainite.  This  part  of  the  examination  was 
repeated  three  times  to  check  the  consistency  of 
the  results. 

Fracture  surfaces  of  opened  specimens  were 
studied  in  the  unetched  and  etched  conditions. 
Both  halves  of  the  opened  specimens  were  exa¬ 
mined  to  obtain  a  clear  picture  of  the  topography 
of  mating  surfaces. 

3.  Results 

Microstructural  examination  of  the  specimen 
circumference  showed  that  the  steel  had  effec¬ 
tively  hardened  and  was  essentially  fully  marten¬ 
sitic.  containing  less  than  1%  bainite  in  that 
location.  However,  quenching  rates  obtained  in 
the  heat  treatment  of  the  fatigue  specimens  were 
insufficient  to  obtain  a  fully  martensitic  structure 
at  the  center.  Quantitative  measurements  made 
on  an  automated  im:>«e  analvzer  'Buehler  Omni- 
met  i  showed  that  the  volume  fraction  of  bainite 
was  approximately  0.15  near  the  center  of  the 
plate  impact  specimen  (Fig.  3(a)).  Since  the  car¬ 


bides  in  the  bainite  have  a  relatively  large  size 
(Fig.  3ib’i  and  a  stringer-like  morphology  (Fig. 
3icn.  it  can  be  ^onJudeo  that  mis  b.umtc  is  the 
so-called  "upper  bainite"— a  microconstituent 
which  forms  isothcrmally  at  temperatures  above 
350  V. 
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From  the  crack  profile  studies,  it  was  found 
that  the  fracture  path  and  the  prior- austenite 
grain  boundaries  were  unrelated.  Crack  propaga¬ 
tion  was  thus  transgranular  with  respect  to  the 
prior  austenite  grains.  Figures  4  and  5  show  the 
nature  of  the  crack  tip  region  for  low  temperature 
and  room  temperature  experiments  respectively. 
The  total  extent  of  the  dynamic  crack  growth  is  at 
least  three  times  that  shown  in  the  figures:  hence 
the  fatigue  crack  tip  is  far  from  the  regions  shown. 
In  both  cases,  the  crack  is  discontinuous  near  the 
tip  and  is  composed  of  cracked  segments  several 
grain  diameters  long,  separated  by  unbroken  liga¬ 
ments.  Another  important  feature  is  the  presence 
of  small  cracks  with  dimensions  smaller  than  the 


Hi:.  4.  Nature  of  the  crack  tip  region  for  the  low  tempera¬ 
ture  experiment'.  shot  S5-20  . 


average  grain  diameter  Fig.  A  -.  Over  95"u  of  the 
detected  microcracks  were  inside  bainite  packets. 
These  microcracks  are  either  isolated  from  the 
main  crack  Fig.  6  a  -  or  misoriented  with  respect 
to  the  fracture  path.  Figure  6;bj  shows  micro- 
cracks  in  a  low  temperature  specimen  etched  to 
reveal  prior-austenite  grain  boundaries,  and  Fig. 
6<c-  shows  microcracks  in  bainite  packets  in  a 
room  temperature  specimen.  The  arrows  in  Figs. 
4-6  indicate  the  direction  of  crack  propagation. 

Figures  7  and  8  show  the  fractographs  of 
mating  surfaces  for  the  low  temperature  experi¬ 
ments.  The  fracture  surface  is  composed  of  rela¬ 
tively  large  quasi-cleavage  facets,  such  as  that 
labeled  QC.  and  numerous  smaller  cleavage 
facets.  The  latter  are  evident  in  the  higher  magni¬ 
fication  view  of  Fig.  9.  In  addition  to  the  cleaved 
regions,  there  are  small  areas,  less  than  5  /rm  in 
size,  which  consist  of  submicron-sized  dimples. 
An  enlarged  view  of  one  such  area  (labeled  VS)  is 
shown  in  Fig.  10.  It  should  be  noted,  however, 
that  the  dimpled  areas  covered  less  than  5%  of 
the  fracture  surface  of  the  low  temperature  speci¬ 
mens.  Figure  1 1  shows  an  example  of  the  appear¬ 
ance  of  the  etched  fracture  surfaces.  The  etching 
helps  to  distinguish  between  bainitic  cleavage 
facets  (which  reveal  the  carbide  stringers  and  car¬ 
bide  particles  upon  etching)  and  the  martensitic 
cleavage  facets.  Other  examples  of  bainitic  facets 
on  etched  fracture  surfaces  are  provided  by  Fig. 
12. 

Figure  13  shows  the  fractographs  of  mating 
fracture  surfaces  for  the  room  temperature  ex- 


F  iu.  5  Nature  of  I  he  eraek  tip  region  fur  the  room  temperature  experiments  shot  K2-UI 


1  ig.  b.  Microcracks  in  bainitc:  a  low  tcmpcrauirc  specimen 
shot  85-2(1  ;  b  low  tcmpcrauirc  specimen  etched  to  reveal 
prior  austenite  ;'rain  boundaries  shot  85-20  s  c  room  tem¬ 
perature  specimen  shot  82-01  . 


periments.  Two  regions  can  be  clearly  dis¬ 
tinguished:  regions  where  the  material  fractured 
by  cleavage  (labeled  QO  and  regions  where  it 
failed  by  microvoid  growth  and  coalescence 
(labeled  VS).  The  latter  regions  are  evident  as 


Fie.  7.  Fractographs  of  mating  surfaces  for  the  low  tempera¬ 
ture  experiment  shot  85- 1  5  . 


relatively  flat  areas.  30  ,//m  in  size,  composed  of 
submicron-sized  dimples.  These  areas,  hereafter 
referred  to  as  void  sheets,  are  generally  inclined 
relative  to  the  local  plane  of  the  main  crack. 
Figure  14  shows  an  enlarged  view  of  a  void  sheet. 

4.  Discussion 

The  crack  profile  and  fractographic  observa¬ 
tions  discussed  above  allow  us  to  deduce  a  prob¬ 
able  sequence  of  events  preceding  dynamic  crack 
propagation  in  the  4340  steel  studied  by  Raxi- 
chandran  and  Clifton  1 1 1.  The  study  of  crack  pro¬ 
files  conducted  in  the  present  work  has  clearly 
shown  that  the  primary  crack  is  surrounded  by 
microcracks  and  that  an  overwhelming  majority 
of  these  are  confined  to  bainitic  packets.  These 
observations  suggest  that  dynamic  fracture  of  the 
4340  steel  involves  two  main  stages.  Initially,  the 
elevated  stresses  near  the  tip  of  a  crack  loaded  by 
a  slep  tensile  pulse  cause  fracture  of  the  bainitic 
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Fig.  S.  Fractographs  <>l  mating  surfaces  tor  the  low  tempera¬ 
ture  experiment  shots?- 15  . 


rig.  d.  Enlarged  view  of  the  areas  shown  in  Fig.  S. 


packets  in  the  near-tip  region.  As  indicated  by  the 
examination  of  the  etched  fracture  surfaces, 
hainite  fractures  in  a  quasi-cleavage  manner,  both 
at  low  temperatures  and  at  room  temperature. 
This  is  followed  by  failure  of  the  martensitic  liga¬ 
ments  surviving  between  the  microcracks  (or 
between  a  microcrack  and  the  crack  tipi.  The 
present  results  suggest  that  the  mode  of  martens¬ 
itic  fracture  depends  on  the  test  temperature,  as 
discussed  below. 


4. 1.  Low  temperature  fracture  nf  martensite 

The  low  temperature  failure  mechanisms  in 
martensite  under  quasi-static  loading  are  reason¬ 
ably  well  understood  \2.  3],  It  is  known  that, 
under  these  conditions,  martensite  fails  by  cleav¬ 
age  along  crystallographic  planes  in  individual 
martensite  laths  and  that  the  fracture  path  main¬ 
tains  a  general  direction  within  groups  ot  simi¬ 
larly  oriented  laths,  usually  called  lath  packets. 


t  ig.  10.  High  magnification  view  of  an  area  containing  fine 
dimples  in  a  low  temperature  specimen  shot  85- 1  5  . 


Owing  to  the  difference  in  lath  orientations 
between  neighboring  packets,  the  fracture  path 
deviates  at  each  packet  boundary  and  the  result¬ 
ing  fracture  surface  has  a  faceted  appearance. 


loading  occurs  predominantly  by  cleavage.  I'he 
variation  in  the  size  of  the  quasi-cleavage  facets 
ie.g.  compare  the  facets  in  Fig.  7  and  Fig.  pre¬ 
sumably  occurs  owing  to  the  variation  in  the  lath 
packet  size.  The  existence  of  isolated  regions  con¬ 
sisting  of  submicron-sized  dimples,  such  as  that 
labeled  VS  in  Fig.  10.  can  be  explained  by  noting 
that  some  lath  packets  along  the  fracture  path  in 
the  martensitic  ligaments  may  not  be  favorably 
oriented  for  cleavage.  These  local  regions  can  be 
expected  to  fail  at  a  later  stage  by  shear  localiza¬ 
tion.  leading  to  microvoid  growth  and  coales¬ 
cence.  Shear  localization  is  discussed  later  in 
greater  detail  in  the  context  of  room  temperature 
failure  mechanisms. 

It  is  interesting  to  note  that  no  microcracks 
were  detected  in  martensite  in  the  crack  profile 
studies.  This  suggests  that  cleavage  fracture 
across  a  martensitic  ligament  between  the  crack 
tip  and  a  bainitic  microcrack  probably  occurs  "all 
at  once",  i.e.  the  critical  step  governing  ligament 
failure  corresponds  to  the  extension  of  a  bainitic 
crack  in  the  surrounding  martensitic  matrix. 

4.2.  Room  temperature  fracture  of  martensite 

In  the  context  of  quasi-static  fracture,  it  is  now 
generally  understood  that  localized  plastic  defor¬ 
mation  leading  to  shear  band  formation  in  the 
near-tip  region  plays  a  significant  role  in  ductile 
fracture  processes  [2,  5-12J.  In  particular,  where 
ductile  fracture  involves  void  nucleation  at  large 
particles,  linkage  of  the  growing  void  with  the 
crack  tip  may  occur  via  shear  band  formation  in 
the  ligament  between  the  growing  void  and  the 
crack  tip  [2.  5— 7 J.  Owing  to  the  large  strains  de¬ 
veloped  within  the  shear  band,  void  nucleation 
can  take  place  at  fine  particles.  Since  subsequent 
shear  band  decohesion  occurs  by  growth  and 
coalescence  of  these  microvoids,  this  mechanism 
of  ligament  failure  is  often  called  the  void  sheet 
mechanism.  Under  these  circumstances,  the  frac¬ 
ture  surface  consists  of  dimples  which  fall  into 
two  distinct  size  groups.  The  larger  dimples 
correspond  to  voids  nucleated  at  large  particles, 
such  as  MnS  inclusions  in  steels,  and  these  are 
surrounded  by  void  sheets  which  contain  the 
much  finer  dimples  corresponding  to  the  micro¬ 
voids.  Such  bimodal  dimple  size  distributions 
observed  on  fracture  surfaces  indicate  that  shear 
localization  may  have  been  operative  during  frac¬ 
ture  1 5.  7].  Significant  efforts  have  been  devoted 
towards  modeling  these  phenomena  in  ductile 
fracture  under  quasi-static  loading  [<S-  I  1 1. 


The  occurrence  of  shear  localization  during 
quasi-static  fracture  in  steels  corresponding  to 
AISI  4'wil  compositions  has  been  observed  by 
Cox  and  Low  j  1  2).  McMeeking  [7!  has  suggested 
that  such  shear  localization  may  rationalize  the 
relatively  poor  quasi-static  toughness  of  these 
steels.  Because  of  the  limited.number  of  studies  of 
dynamic  fracture  in  4340  steels,  it  is  not  known  at 
present  whether  such  effects  can  occur  at  a  crack 
tip  subjected  to  dynamic  loading.  However,  frac¬ 
ture  surfaces  from  Charpy  impact  experiments, 
wherein  cracks  grow  under  dynamic  loading, 
appear  to  have  the  bimodal  dimple  size  distribu¬ 
tion  observed  for  quasi-static  fracture  [13].  This 
observation  suggests  that  shear  localization  may 
be  operative  under  dynamic  tensile  loading.  Fur¬ 
thermore.  many  studies  have  shown  that  shear 
localization  does  occur  under  dynamic  shear 
loading  [14-17], 

The  fractographic  observations  made  in  the 
present  study  clearly  show  that,  for  the  room  tem¬ 
perature  experiments,  the  fracture  surface  con¬ 
sists  of  two  distinct  types  of  regions:  regions  of 
quasi-cleavage  and  regions  containing  fine  sub¬ 
micron-sized  dimples.  The  latter  are  present  as 
relatively  flat  void  sheets  which  link  regions  of 
quasi-cleavage  and  are  inclined  relative  to  the 
local  fracture  planes.  On  the  basis  of  these 
observations,  it  can  be  postulated  that,  for  the 
particular  microstructure  considered  (martens¬ 
ite  +  upper  bainitei.  microcracks  formed  in  bainite 
during  the  initial  loading  stage  link  up  by  the 
growth  and  coalescence  of  microvoids  within 
shear  bands  formed  in  the  martensitic  ligaments. 
The  results  of  the  present  work  thus  suggest  that 
localized  plastic  deformation  may  play  as 
important  a  role  in  dynamic  fracture  as  in  quasi¬ 
static  fracture. 

Chi  et  at.  |4|  have  measured  the  fracture  tough¬ 
ness  of  a  4340  steel  under  quasi-static  and 
dynamic  loading.  The  dynamic  toughness  was 
measured  by  the  Kolsky  bar  technique  in  which  a 
loading  rale  of  the  order  of  10"  MPa  nt'  :  s  1  is 
achieved.  Of  the  three  heat  treatments  employed 
by  them,  the  one  that  comes  closest  to  that 
employed  by  Ravichandran  and  Clifton  is  as 
follows:  austenitize  at  845  °C  for  1  h.  oil  quench, 
and  temper  at  200  "C  for  1  h.  Figure  15  shows  a 
Iractograph  from  the  room  temperature  experi¬ 
ments  of  Chi  et  al.  |4|.  Front  the  fully  dimpled 
nature  of  the  fracture  surface,  it  can  be  concluded 
that  failure  involved  void  nucleation  and  subse¬ 
quent  shear  localization  However,  in  contrast 
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with  Figs.  1  2  ana  i  3.  only  a  small  fraction  of  the 
fracture  surface  is  covered  by  the  characteristic 
void  sheets  resulting  from  shear  localization. 
Table  2  compares  the  dynamic  fracture  toughness 
obtained  in  the  two  works  for  the  low  tempera¬ 
ture  and  the  room  temperature  experiments. 

Chi  ei  id.  [4]  reported  an  increase  in  fracture 
toughness  with  an  increase  in  the  loading  rate. 
Since  the  loading  rates  achieved  in  the  plate 
impact  experiment  of  Ravichandran  and  Clifton 
i  1 1  were  about  two  orders  of  magnitude  higher 
than  those  achieved  in  the  Kolsky  bar  technique 
used  by  Chi  cl  id.  |4|.  the  fracture  toughness 
values  obtained  in  the  former  work  are  expected 
to  be  higher.  However,  as  seen  from  Fable  2.  they 
are.  in  fact,  lower.  In  the  present  work  it  was 
established  that  crack  growth  occurred  in  the 
experiments  of  Ravichandran  and  Clifton  in  a 
region  with  approximately  1 5%  upper  bainite. 
Many  studies  have  established  that  the  presence 
of  upper  bainite  has  a  deleterious  effect  on  the 
quasi-static  fracture  toughness  and  the  impact 
toughness  as  measured  by  the  Charpv  impact  test, 


Osborne  and  Hmbury  IN  have  shown  that  the 
reduced  toughness  ol  4340  steels  containing 
appreciable  amounts  of  upper  bainite  is  related  to 
the  morphology  of  the  iron  carbides  in  the 
bainite.  Owing  to  the  high  aspect  ratio  resulting 
from  their  stringer-like  shape  and  their  relatively 
large  size,  these  carbides  fracture  at  considerably 
lower  plastic  strains  and  thereby  impair  tough¬ 
ness.  Hence,  the  discrepancy  between  the  data  of 
Ravichandran  and  Clifton  1  and  of  Chi  ci  id.  4 
can  be  explained  on  the  basis  of  the  deference  in 
the  microstructure  of  the  steels  studied  ir.  the  tyvo 
works.  In  particular,  it  can  be  argued  that  the 
presence  of  cracked  bainitic  packets  in  the 
near-tip  region  can  promote  cleavage  fracture  of 
martensite  at  low  temperatures,  since  the  micro- 
cracks  can  serve  as  cleavage  initiation  sites  for  the 
martensite.  On  the  contrary,  the  room  tempera¬ 
ture  discrepancy  can  be  explained  on  tyvo  counts. 

a  The  presence  of  1 5"»  upper  bainite  in  the 
steel  used  by  Ravichandran  and  Clifton  leads  to  a 
microstructure  in  which  a  fraction  0.1  5  of  the 
material  fails  in  a  brittle  manner  and  thus  makes  a 
much  reduced  contribution  to  the  overall  fracture 
energy. 

ib)  Judging  from  the  fractograph  in  Fig.  1  5.  we 
expect  shear  localization  effects  to  be  present  in 
the  room  temperature  dynamic  experiments  of 
Chi  cr  id.  [4 J.  However,  as  evidenced  by  the 
smaller  fraction  of  the  fracture  surface  covered  by 
void  sheets,  the  onset  of  localization  is  probably 
delayed  in  the  fully  martensitic  microstructure. 
Since  failure  initiation  in  the  bainitic  microstruc¬ 
ture  occurred  by  microcracking,  whereas  in  the 
fully  martensitic  structure  it  probably  occurred  by- 
void  nucleation,  these  observations  suggest  that 
microcracks  cause  the  deformation  to  localize 
earlier  than  grossing  voids  because  of  the  greater 
severity  of  the  strain  concentration.  Such  early 
localization  may  curtail  the  extent  of  plastic 
deformation  in  the  martensite  prior  to  fracture 
and  thus  reduce  the  toughness  of  the  microstrue- 
ture  containing  a  significant  fraction  of  upper 
bainite. 


5.  Conclusions 

The  present  work  is  aimed  at  understanding 
the  micromechanisms  of  dynamic  crack  growth  in 
an  AISI  4340  steel  studied  in  the  experiments  of 
Ravichandran  and  Clifton  1 1 1.  For  this  purpose,  a 
fractographic  and  metallographie  examination  of 


References 


the  specimens  used  by  Ravichandran  and  Clifton 
in  their  plate  impact  experiment  was  conducted. 
The  observations  made  in  the  present  work 
suggest  that,  for  the  particular  microstructure 
considered  (martensite  +  15%  upper  bainite),  the 
initial  stages  of  failure  involve  cleavage  fracture  of 
bainitic  packets  in  the  near-tip  region,  both  at 
room  temperature  and  at  low  temperatures.  The 
mode  of  the  subsequent  martensitic  failure 
depends  on  the  test  temperature.  At  low  tempera¬ 
tures,  martensitic  failure  occurs  predominantly  by 
cleavage  whereas,  at  room  temperature,  it  occurs 
in  a  ductile  manner  characterized  by  localized 
deformation  between  the  crack  tip  and  the  bain¬ 
itic  microcracks. 

The  present  results  suggest  that  the  dis¬ 
crepancy  between  the  fracture  toughness 
reported  by  Ravichandran  and  Clifton  [1]  and 
by  Chi  et  al.  [4]  can  be  explained  on  the  basis  of 
the  difference  in  the  microstructure  of  the  steels 
studied  in  the  two  investigations  and  that  upper 
bainite  has  a  deleterious  effect  on  both  room  and 
low  temperature  dynamic  fracture  toughness  of 
4340  steels. 
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